After a brief history of neutrino mixing and oscillations, including neutrino spin oscillations, we develop quantum treatment of new phenomenon of neutrino spin oscillations engendered by the transversal matter currents. Possibilities for the enhancement of the effect by the longitudinal matter currents and longitudinal magnetic fields are analyzed.
Introduction: a brief history of neutrino flavour mixing and oscillations
The year 2017 marking the sixteenth anniversary of the possibility of neutrino mixing and oscillations we recall two papers by Bruno Pontecorvo [1, 2] where the above mentioned effects have been discussed for the first time. In [1] Pontecorvo has indicated that if the neutrino charge were not conserved then the transition between a neutrino and antineutrino would become possible in vacuum. In [2] Pontecorvo has even directly introduced a phenomenon of neutrino mixing. He has written that "Neutrinos in vacuum can transform themselves into antineutrino and vice versa. This means that neutrino and antineutrino are particle mixturesï£¡. So, for example, a beam of neutral leptons from a reactor which at first consists mainly of antineutrinos will change its composition and at a certain distance R from the reactor will be composed of neutrino and antineutrino in equal quantities".
The paper [2] ends with the following statement "Under the above assumptions, effects of transformation of neutrino into antineutrino and vice versa may be unobservable in the laboratory because of large value of R, but will certainly occur, at least, on an astronomic scale".
A brief history of neutrino mixing and oscillations can be found in [3] . In 1962, just after the discovery of the second flavour neutrino, the effect of neutrino mixing was discussed in [4] where the fields of the weak neutrinos ν e and ν µ were connected with the neutrinos mass states ν 1 and ν 2 by the unitary mixing matrix U that can be parametrized by the mixing angle θ and ν e = ν 1 cos θ + ν 2 sin θ , ν µ = −ν 1 sin θ + ν 2 cos θ .
(1.1)
The theory of neutrino mixing and oscillations was further developed in [5, 6] with actual calculations of neutrino beam evolution. In [7] the effect of neutrino interaction with matter of a constant density on neutrino flavour mixing and oscillations was investigated. The existence of resonant amplification of neutrino mixing (the MSW effect) when a neutrino flux propagates through a medium with varying density was predicted in [8] .
The tedious studies, both expertimental and theoretical, over the last 60 years has been honored by the Nobel Prize of 2015 awarded to Arthur McDonald and Takaaki Kajita for the discovery of neutrino oscillations, which shows that neutrinos have mass.
Neutrino spin oscillations
The straightforward consequences of neutrino nonzero mass is the prediction [9] that neutrinos can have nonzero magnetic moments. Studies of neutrino magnetic moments and the related phenomena attract a reasonable interest in literature. The values of neutrino magnetic moments are constrained in the terrestrial laboratory experiments and in the astrophysical considerations (see, for instance, [10] and [11] ).
Massive neutrinos participate in electromagnetic interactions. The recent review on this topic is given in [12] . One of the most important phenomenon of nontrivial neutrino electromagnetic interactions is the neutrino magnetic moment precession and the corresponding spin oscillations in presence of external electromagnetic fields. The later effect has been studied in numerous papers published during several passed decades.
Within this scope the neutrino spin oscillations ν L ⇔ ν R induced by the neutrino magnetic moment interaction with the transversal magnetic field B ⊥ was first considered in [13] . Then spinflavor oscillations ν L e ⇔ ν R µ in B ⊥ in vacuum were discussed in [14] , the importance of the matter effect was emphasized in [15] . The effect of the resonant amplification of neutrino spin oscillations in B ⊥ in the presence of matter was proposed in [16, 17] , the impact of the longitudinal magnetic field B || was discussed in [18] . The neutrino spin oscillations in the presence of constant twisting magnetic field were considered in [19] [20] [21] [22] [23] [24] .
Recently a new approach to description of neutrino spin and spin-flavor oscillations in the presence of an arbitrary constant magnetic field have been developed [24] [25] [26] . Within the new approach exact quantum stationary states in the magnetic field are used for classification of neutrino spin states, rather than the neutrino helicity states that have been used for this purpose within the customary approach in many published papers. Recall that the helicity states are not stationary in the presence of a magnetic field. It has been shown [26] , in particular, that in the presence of the transversal magnetic field for a given choice of parameters (the energy and magnetic moments of neutrinos and strength of the magnetic field) the amplitude of the flavour oscillations ν L e ↔ ν L µ at the vacuum frequency is modulated by the magnetic field frequency. Similar results on the important influence of the transversal magnetic field on amplitudes of various types of neutrino oscillations were obtained earlier [27] on the basis of the exact solution of the effective equation for neutrino evolution in the presence of a magnetic field and matter, which accounts for four neutrino species corresponding to two different flavor states with positive and negative helicities.
In [28] neutrino spin oscillations were considered in the presence of arbitrary constant electromagnetic fields F µν . Neutrino spin oscillations in the presence of the field of circular and linearly polarized electromagnetic waves and superposition of an electromagnetic wave and constant magnetic field were considered in [29] [30] [31] .
More general case of neutrino spin evolution in the case when neutrino is subjected to general types of non-derative interactions with external scalar s, pseoudoscalar π, vector V µ , axial-vector A µ , tensor T µν and pseudotensor Π µν fields was considered in [32] . From the general neutrino spin evolution equation, obtained in [32] , it follows that neither scalar s nor pseudoscalar π nor vector V µ fields can induce neutrino spin evolution. On the contrary, within the general consideration of neutrino spin evolution it was shown that electromagnetic (tensor) and weak (axial-vector) interactions can contribute to the neutrino spin evolution.
Recently we consider in details [25, 33] neutrino mixing and oscillations in arbitrary constant magnetic field that have B ⊥ and B || nonzero components in mass and flavour bases and derived an explicit expressions for the effective neutrino magnetic moments for the flavour neutrinos in terms of the corresponding magnetic moments introduced in the neutrino mass basis.
Neutrino spin conversion and oscillations in transversal matter current
For many years, until 2004, it was believed that a neutrino helicity precession and the corresponding spin oscillations can be induced by the neutrino magnetic interactions with an external electromagnetic field that provided the existence of the transversal magnetic field component B ⊥ in the particles rest frame. A new and very interesting possibility for neutrino spin (and spin-flavour) oscillations engendered by the neutrino interaction with matter background was proposed and investigated for first time in [34] . It was shown [34] that neutrino spin oscillations can be induced not only by the neutrino interaction with a magnetic field, as it was believed before, but also by neutrino interactions with matter in the case when there is a transversal matter current or matter polarization. This new effect has been explicitly highlighted in [34] :
"
The possible emergence of neutrino spin oscillations owing to neutrino interaction with matter under the condition that there exists a nonzero transverse current component or matter polarization is the most important new effect that follows from the investigation of neutrino-spin oscillations in Section 4. So far, it has been assumed that neutrino-spin oscillations may arise only in the case where there exists a nonzero transverse magnetic field in the neutrino rest frame."
For historical notes reviewing studies of the discussed effect see in [35, 36] . It should be noted that the predicted effect exist regardless of a source of the background matter transversal current or polarization (that can be a background magnetic field, for instance).
Note that the existence of the discussed effect of neutrino spin oscillations engendered by the transversal matter current and matter polarization and its possible impact in astrophysics have been confirmed in a series of recent papers [37] [38] [39] [40] .
Neutrino spin precession and oscillations in transversal matter currents: semiclassical treatment
Following the discussion in [34] consider, as an example, an electron neutrino spin precession in the case when neutrinos with the Standard Model interaction are propagating through moving and polarized matter composed of electrons (electron gas) in the presence of an electromagnetic field given by the electromagnetic-field tensor F µν = (E, B). To derive the neutrino spin oscillation probability in the transversal matter current we use the generalized Bargmann-Michel-Telegdi equation that describes the evolution of the three-dimensional neutrino spin vector S,
where the magnetic field B 0 in the neutrino rest frame is determined by the transversal and longitudinal (with respect to the neutrino motion) magnetic and electric field components in the laboratory frame, 
3)
Here n 0 = n e √ 1 − v 2 e is the invariant number density of matter given in the reference frame for which the total speed of matter is zero. The vectors v e , and ζ ζ ζ e (0 ≤ |ζ ζ ζ e | 2 ≤ 1) denote, respectively, the speed of the reference frame in which the mean momentum of matter (electrons) is zero, and the mean value of the polarization vector of the background electrons in the above mentioned reference frame. The coefficients ρ (1,2) e calculated within the extended Standard Model supplied with SU(2)-singlet right-handed neutrino ν R are respectively, ρ
, wherẽ
For neutrino evolution between two neutrino states ν L e ⇔ ν R e in presence of the magnetic field and moving matter we get [34] the following equation
Thus, the probability of the neutrino spin oscillations in the adiabatic approximation is given by [34] 
where
Thus, it follows that even without presence of an electromagnetic field, B ⊥ = B 0∥ = 0, neutrino spin oscillations ν L e ⇔ ν R e can be induced in the presence of matter when the transverse matter term M 0⊥ is not zero. If we neglect possible effects of matter polarization then the neutrino evolution equation (4.6) simplifies to
The effective mixing angle and oscillation length in the neutrino spin oscillation probability (4.7) now are given by
The above considerations can be applied to other types of neutrinos and various matter compositions. It is also obvious that for neutrinos with nonzero transition magnetic moments a similar effect for spin-flavour oscillations exists under the same background conditions.
Neutrino spin precession and oscillations in transversal matter currents within quantum treatment
Here below we continue our studies of the effect of neutrino spin evolution induced by the transversal matter currents and develop a consistent derivation of the effect based on the direct calculation of the spin evolution effective Hamiltonian in the case when a neutrino is propagating in matter transversal currents.
Consider two flavour neutrinos with two possible helicities ν f = (ν + e , ν − e , ν + µ , ν − µ ) T in moving matter composed of neutrons. The neutrino interaction Lagrangian reads 
The neutrino evolution equation in the flavour basis is
where the first term H e f f 0 of effective Hamiltonian determines the neutrino evolution in nonmoving matter. The second term ∆H e f f accounts for the effect of matter motion and it can be expressed as
where 
In evaluation of ∆ ss ′ kl we have first introduced the neutrino flavour states ν s k and ν s ′ l as superpositions of the mass states ν ± 1,2 . Then, using the exact free neutrino mass states spinors,
where the two-component spinors u s
define neutrino helicity states, we have performed calculations that are analogous to those performed in [33] . The difference in calculations is that here we consider not electromagnetic neutrino interaction with a magnetic field but the neutrino weak interaction with moving matter given by (5.4 
where v ∥ and v ⊥ are the longitudinal and transversal velocities of the matter current and
Recalling expressions for the Pauli matrixes,
we get
The obtained general expression (5.12) can be used for investigations of various types of neutrino spin oscillations in the transversal matter currents considered in the neutrino mass basis. It confirms our prediction [34] that there is the effect of the neutrino spin conversion and corresponding spin oscillations engendered by the interaction with the transversal current of matter. It is also clear that the corresponding effect engendered by the transversal polarization of matter can be treated in much the same way. On the basis of equation (5.12) and using the relation (5.2) between neutrino mass ν ± α and flavour ν ± l states it is possible to bring our considerations to observational terms and study neutrino oscillations in the flavour basis ν s f . The neutrino flavour and mass states are connected by the neutrino mixing matrix ν f = Uν α , (5.13)
for which we obtain
The corresponding neutrino evolution equation is However, it is possible to get a general structure of the effective evolution Hamiltonian for the flavour neutrino using results of our previous studies [25, 33] of neutrino oscillations in arbi- trary magnetic field B B B = B B B ∥ + B B B ⊥ . For evaluation of the flavour neutrino oscillation in an arbitrary moving matter that is characterized by the current j j j = j j j ∥ + j j j ⊥ we consider results for the flavour neutrino oscillations in the magnetic field B B B and account for similarity of the correspondence between the neutrino magnetic moment to magnetic field interaction Hamiltonian H B 16) and the neutrino to moving matter interaction Hamiltonian H v 17) and n = n 0 √ 1−v 2 = n 0 γ n , where n 0 is the invariant matter density. For the flavour neutrino evolution Hamiltonian in the magnetic field H f B = UH B U † we have 1 [25, 33] 
In the next section we estimate values of the corresponding parameters that characterize the properties of neutrinos, the background matter and the magnetic field for which neutrino spin oscillations ν L e ⇔ ν R e , engendered by neutrino weak interactions with the transversal matter current, can proceed with significant probability.
Enhancement of the effect by the longitudinal matter currents and magnetic fields
We are interested in the situation when the amplitude of oscillations sin 2 2θ eff in (5.24) is not small and we use the criterion based on the demand that
that is provided by the condition E e f f ≥ ∆ e f f . At first we consider the case when the effect of magnetic field is negligible and thus we have
and the oscillation length is given by
From the condition E e f f ≥ ∆ e f f it follows that
In the further evaluations we suppose that ∆m = m 2 − m 1 ≪ m 1 , m 2 , and introduce the neutrino effective gamma-factor γ ν
Then the condition (6.4) reduces to
Assuming neutrino masses m 1 , m 2 ∼ 0.1 eV , for a typical neutrino energy p ν 0 ∼ 10 MeV we find γ ν ∼ 10 7 . Consider the case when neutrinos are more relativistic particles than the background matter neutrons (γ ν ≫ γ n ), then from (6.6) we get
The letter condition can be valid for ultra-relativistic background matter with γ n ≥ √ γ ν ∼ 3 × 10 3 . However, the the oscillation length L e f f given by (6.3) is extremely large.
The presence of the longitudinal magnetic field B B B || can also have important impact on the criterion (6.1). In the previous consideration the diminishing value of ∆ e f f is attained by the vanishing value of (1−v v vβ β β ). Now we consider reduction of the term Gn(1−v v vβ β β ) in ∆ e f f given by (5.25) due to the contribution of ( µ γ ) ee B B B || . This possibility can be realized when B B B || β β β = −1. An environment we are considering can be realized by models of short gamma-ray bursts (sGRB) (see [43] and [44] ). Consider the neutrino ν e escaping the central neutron star with inclination given by an angle α from the plane of the accretion disk. Then this neutrino propagates through the toroidal bulk of very dence matter that rotates with the angular velocity of about ω = 10 3 s −1 around the axis that is perpendicular to the accretion disk. The diameter of the perpendicular cut of the toroidal bulk of matter is about d ∼ 20 km and the distance from the centre of this cut to the centre of the neutron star is also about D ∼ 20 km. The transversal velocity of matter can be estimated accordingly v ⊥ = ωD = 0.7 that corresponds to γ n = 1.4.
Suppose that the direction of the neutrino propagation is characterized by sin α ∼ In the straightforward analysis we are particular interested in the conversion ν L e ⇔ ν R e , engendered by interactions with the transversal matter current j j j ⊥ . Therefore we omit possible effect of the neutrino magnetic moment interaction with the transversal magnetic field µ ee B B B ⊥ in (5.25) ∼ 10 20 Gauss. From these estimations it follows that in order to get a reasonable reduction of the term Gn(1 − v v vβ β β ) in ∆ e f f given by (5.25) due to the contribution of ( µ γ ) ee B B B || the matter density should not be too high to avoid a demand for extremely strong magnetic fields.
Quite recently [46] it has been shown that nonstandard interactions of neutrinos (NIS) with matter [45, 47] can significantly alter neutrino flavor evolution in supernovae with the potential to impact explosion dynamics, nucleosynthesis, and the neutrinos signal. Obviously, neutrino spin oscillations can be also engendered by NIS interactions of neutrinos with the transversal matter currents. Different aspects of these very interesting possibilities, including neutrino spin flavour oscillations, are considered elsewhere [48] .
